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Summary 
Using whole-cell recording from CA1 hippocampal py- 
ramidal neurons and minimal stimulation of Schaffer 
collaterals, we have studied what seem to be single 
synapses. Although the transmission at a putative sin- 
gle synapse is quite unreliable, the synapse can be 
made to release transmitter reliably in response to the 
second stimulus in a pair of stimuli that are presented 
in rapid succession (e.g., 50 ms separation). Statistical 
analysis of transmission failures seen with such paired 
pulse stimulation reveals that the majority of stimulus- 
evoked synaptic currents (>90%) are produced by a 
single synapse under the conditions of minimal stimu- 
lation, even if multiple synapses are actually present. 
Individual synapses appear to release either zero or 
one quantum; that is, a single synapse seems to have 
only one functional release site at any time. After the 
release site has been used, - 20 ms is required to refill 
the site so that it can be used again. 
Introduction 
Some questions about the function of central synapses 
are difficult or impossible to answer when one investigates 
simultaneously activated synaptic populations. The diffi- 
culty arises because the averaging associated with re: 
cording currents generated by an entire population ob- 
scures the behavior of individual synapses. Although no 
method is currently available for investigating the opera- 
tion of verified individual boutons, the technique of minimal 
stimulation, as described by Raastad et al. (1992) for CA1 
hippocampal pyramidal neurons, can provide an approxi- 
mation to the ideal single synapse preparation that is ade- 
quate for some purposes. The rationale for this method 
is provided by the following observation. One sometimes 
can reduce stimulus intensity applied to Schaffer collater- 
als sufficiently to activate only a single synapse on the 
neuron being studied (Sorra and Harris, 1993), even when 
the stimulus is above the threshold for many axons, be- 
cause such a small fraction of the collateral axons have 
any particular neuron as their target. Here, we assume 
a single physiologically defined synapse to be a single 
bouton, although this assumption is not used in our analy- 
sis, and we have no independent morphologic data to jus- 
tify the assumption for slices (see Sorra and Harris, 1993). 
We have exploited minimal stimulation in hippocampal 
slices to address several issues in synaptic physiology 
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that would be difficult to approach when a population of 
synapses is studied. We conclude that Schaffer collaterals 
often make only a single functional synapse on CA1 pyra- 
midal cells, and that these synapses appear to use only 
a single release site, as previously proposed for other syn- 
aptic types (Redman, 1990; Korn and Faber, 1991); the 
release site requires about 10-20 ms to refill after use. 
Very soon after a nerve impulse has arrived at a synapse, 
the release probability increases dramatically (paired 
pulse facilitation; Magleby, 1987; Zuker, 1989) and re- 
mains elevated for several hundred milliseconds. The 
magnitude of this increase in release probability is about 
the same whether or not a quantal release occurs, so that 
most of the variability in synaptic transmission reflects the 
stochastic nature of the exocytotic mechanisms (Katz, 
1969) or local variations in the intraterminal distribution 
of calcium ions rather than trial-to-trial f uctuations in the 
total calcium influx (owing, for example, to random varia- 
tions in open time for the terminars population of calcium 
channels). 
The original criteria for minimal stimulation (Raastad et 
al., 1992) were, first, that transmitter elease failed on 
about half of the stimulation trials or more, and, second, 
that the average size of the excitatory postsynaptic urrent 
(EPSC) remained constant as the stimulus strength was 
increased over a range of intensities. Because accurately 
determining the relationship between average EPSC size 
and stimulus intensity can be so time consuming, we have 
modified the criteria to the following: first, release failure 
occurs about half of the time or more; second, there is no 
change in average response amplitude and release failure 
rate over ___ 5% alterations in stimulus intensity; and, third, 
the EPSC latency and shape (but not size) are invariant 
for those stimulation trials on which a release occurs. Al- 
though we return to a discussion of the limitations of the 
method later, we stress here that we do not obtain a ran- 
dom sample of synapses with this technique. Those syn- 
apses that operate with high release probability or with 
very low release probability (so low that no EPSCs are 
likely to be produced over about 10 or 20 stimulation trials) 
are underrepresented, as are fibers (estimated to consti- 
tute about 20% of the population; Sorra and Harris, 1993) 
that make multiple synaptic contacts with the pyramidal 
neuron from which recordings are obtained. 
The main unsatisfactory feature of minimal stimulation 
is that one can never definitely know that the stimulus is 
above threshold for only a single relevant axon (irrelevant 
axons are those that do not terminate on the neuron from 
which the recordings are made), and one cannot be sure 
that the selected axon makes only a single synapse with 
the neuron of interest, even if single relevant axon stimula- 
tion is achieved. The analysis of minimal stimulation re- 
sults is complicated by multiple uncertainties, some of 
which are only resolved through an examination of the 
data. For example, in general, we need to consider how 
many relevant fibers might be stimulated by a minimal 
stimulus, how many synapses (boutons) the fiber might 
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make on the target neuron, how many release sites might 
be present in each synapse, and the extent to which the 
postsynaptic receptors of the synapse are saturated. To 
consider all of the necessary cases one by one is quite 
unwieldy, so we have simplified the description of our anal- 
ysis by assuming that a single synapse has only a single 
release site (that is, can release zero or one quanta). After 
presenting the analysis for this special case, we examine 
the effect of alternative assumptions on our conclusions. 
Given our assumptions about synapse properties, the 
approach we have taken is to estimate the fraction of the 
synaptic currents that might have originated from multiple 
synapses, were they present. The idea is to compare the 
average size of E PSCs on those trials when release occurs 
for conditions that yield low and high release probabilities. 
If more than one synapse is contributing, multiple releases 
should sometimes occur when the release probability is 
high, and these multiple releases should increase the 
mean size of the EPSCs that are recorded. A comparison 
of mean EPSC amplitude (when release occurs) in low 
and high release probability conditions thus can yield esti- 
mates for the extent to which multiple synapses are con- 
tributing to the recorded EPSCs. The low probability condi- 
tion is provided by the initial state of the synapse and is 
ensured by our selection criteria; the high release probabil- 
ity condition is produced by paired pulse facilitation at a 
range of interstimulus intervals from 5 to 200 ms. 
In the following discussion, we shall need to distinguish 
between the average EPSC amplitude, where the average 
is computed over all stimulation trials including those in 
which no transmitter was released, and the average size 
of the postsynaptic urrent calculated only for those stimu- 
lation trials in which one or more quanta were released 
(that is, an average that excludes release failures). We 
shall call the first average the mean or average EPSC size 
as is usual, and we use the special term "potency" for the 
mean peak amplitude of the EPSC on those trials in which 
release occurred. Thus, for some manipulation, one might 
say that the average EPSC size increased, but the potency 
was unchanged. This could happen if the change in aver- 
age EPSC size were completely due to an increase in 
synaptic reliability (see, for example, Stevens and Wang, 
1994). We also need to distinguish between release proba- 
bility (the probability that a release site will release a quan- 
tum) and success probability (the probability that one or 
more quanta are released in response to a stimulus); the 
success probability is one minus the synaptic failure prob- 
ability (which we measure). For example, if two identical 
synapses were present, each with a single release site 
and a release probability of 0.5, the success probability 
would be 0.75 (1 - 0.25) because only 25% of the time 
would no quantum be released (the failure probability is 
0.52 = 0.25). For a single synapse with just one release 
site, the release probability and the success probability 
coincide. 
The method used here presupposes that we can detect 
virtually all quantal releases. Although the signal-to-noise 
ratio for standard microelectrode recording would make 
the counting of release failures difficult, with whole-cell 
recording, the detection of single quanta is usually not 
difficult. Stevens and Wang (1994) and Stevens and Tsuji- 
moto (1995) have examined the detection issue quantita- 
tively and concluded that errors in detecting even quantal 
EPSCs occur, at most, a few percent of the time. 
Results 
Evaluation of the Minimal Stimulation Method 
For 16 neurons, the initial success probability (the proba- 
bility that one or more quanta of neurotransmitter are re- 
leased when the stimulus is presented) averaged 0.39 
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Figure 1. Constancy of Success Probability and Synaptic Potency 
(A) The effect of a pair of stimuli on the probability of release. The 
abscissa specifies the success probability for the first stimulus and 
the ordinate the success probability for the second pulse. Data are 
from 16 CA1 pyramidal cells meeting the criteria for minimal stimula- 
tion. The average success probability for the second pulse, shown by 
the horizontal ine, is 0.89. The success probability for the second 
pulse was calculated only from those stimulation trials on which the 
first pulse failed to produce a quantal release or the interstimulus 
interval exceeded 20 ms. 
(B) The potency ratio as a function of amount of paired pulse facilitation 
for the same 16 cells represented in (A). The potency ratio is the aver- 
age EPSC peak amplitude for the second pulse, computed only for 
the trials on which one or more quanta were released, divided by the 
corresponding quantity of the first pulse in the pair. The paired pulse 
facilitation is the ratio of the two probabilities (second pulse success 
probability divided by first pulse success probability) shown in (A). The 
average potency ratio, shown with the horizontal line, is 1.03, with a 
standard error of .02. The error bars represent he standard errors for 
the estimates of the potency ratios. The sample size for each point 
depended on the success probabilities for the first and second stimuli 
and averaged 136 for the numerator and denominator of the ratio, 
with a range from 27 to 607; most of the samples were in the range 
of 120 to 160. 
where m is the Poisson parameter, the mean number of 
quanta released. This parameter can be obtained from 
the measured failure probability Po because Po = e -r", so 
that m = -In(Po). The potency (u) is defined as the average 
size of a response when one occurs and is related to the 
mean EPSC size (am), which includes failures of transmis- 
sion, by the relation 
(range, 0.20-0.59), and the success probability for the sec- 
ond pulse (5-100 ms interpulse interval) averaged 0.89 
(range, 0.68-0.95). For these neurons, the success proba- 
bility for a second stimulus appeared to be independent 
of the probability that the first stimulus caused release 
(Figure 1A). The data in Figure 1 are restricted to the situa- 
tion in which no release occured to the first stimulus or, 
if such release did occur, for interstimulus times of greater 
than about 20 ms. The effect of a release in response to 
the first stimulus on the behavior of the synapse when a 
second stimulus was applied within 20 ms will be de- 
scribed later when we consider the type of paired pulse 
depression observed in these experiments. Thus, paired 
pulse facilitation, defined as the ratio of second stimulus 
success probability to first stimulus success probability, 
was larger when the synapses started with a low success 
probability. A plot of the potency ratio (potency for second 
pulse divided by potency for first pulse) as a function of 
the corresponding success probability ratio (that is, the 
paired pulse facilitation) reveals that potency remained 
constant when the success probability was increased (Fig- 
ure 1B). 
If two or more synapses were present, one would antici- 
pate that both would sometimes release quanta simultane- 
ously as the failure rate approached zero, so that the po- 
tency should increase for the second pulse of a pair 
because of multiple releases. The fact that the potency 
ratio is unaffected by paired pulse facilitation can be inter- 
preted to mean that only a single synapse (and indeed, 
only a single release site if the postsynaptic receptors are 
not saturated) is present under conditions of minimal stim- 
ulation for these neurons. We turn now to a quantitative 
evaluation of this observation and begin by examining two 
limiting cases: many low release probability synapses and 
afew synapses. The intermediate cases will be considered 
later. To keep the mathematical arguments as simple as 
possible, we make the assumption, as noted earlier, that 
each synapse has only a single release site (Redman, 
1990; Korn and Faber, 1991); the range of validity of this 
assumption is considered in the Discussion, in which we 
argue that it is indeed justified. We shall conclude that a 
single dominant synapse is being activated for the cells 
studied here and shall estimate the extent o which EPSCs 
produced by this dominant synapse are contaminated by 
quanta released by minor synapses. 
The important issue is how many synapses are contrib- 
uting to the recorded responses. We can immediately re- 
ject the hypothesis that the responses we measure under 
minimal stimulation conditions usually reflect the opera- 
tion of many synapses that take turns releasing quanta 
because the release probability for all of the synapses is 
low. The argument is as follows. Suppose that the average 
quantal size is a, and that Pk is the probability that k quanta 
will be released from a population of low release probability 
synapses. If release probability is low at the individual syn- 
apses (and if the synapses release independently), Pk will 
be given by the Poisson distribution (Feller, 1950) 
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If the failure probability (P0) for the first stimulus of a pair 
is changed to a new value (Po*) for the second stimulus 
(the second response potency is denoted u*), the ratio of 
potencies (Wp) for paired stimuli is given by 
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Figure 2. Observed and Predicted Potency Ratios forTwoAIternative 
Models 
(A) Observed potency ratio (as shown on ordinate of Figure 1B), as 
a function of the potency ratio predicted by the Poisson model. If the 
data followed the Poisson model, the data points would fall on the 
diagonal line. If only one synapse were present, he data points hould 
cluster around the horizontal line. Data from the same 16 cells from 
Figure 1. 
(B) The observed potency ratio plotted as a function of the potency 
ratio predicted from the binomial model with two identical independent 
synapses. If the binomial model were correct, the data points hould 
fall along the diagonal line. Data should cluster along the horizontal 
line for a single synapse with one release site. Same cells as in (A). 
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We have measured the failure probabilities Po and Po* 
and the corresponding potencies u and u* for the first and 
second stimuli, so we can compare the observed potency 
ratio R = u*/u with the potency ratio Wp predicted on the 
Poisson model. As Figure 2A shows, a plot of predicted 
vs. observed potency ratios does not fall on the diagonal 
line required by the Poisson model. Our observations are 
thus incompatible with the existence of many indepen- 
dent, nonidentical, low release probability synapses (or 
independent release sites). 
Thus, many low probability synapses could not be re- 
sponsible for the synaptic behavior we observe, but two 
multisynapse alternative possibilities remain, which are 
that a small number of very similar synapses with moder- 
ate release probabilities are present (together, perhaps, 
with very low release probability synapses), or that one 
synapse is dominant, with either a few or many low release 
probability synapses contributing occasionally. We con- 
sider limiting cases for these two situations in turn. 
Suppose our minimal stimulation is actually activating 
N very similar, independent synapses with release proba- 
bility p and the average quantal size a. Pk, the probability 
that k synapses release, is then given by the binomial 
distribution (Feller, 1950). The observed success probabil- 
ity for this situation is then 1 - P0, the individual synapse 
release probability is 
p = (1 - Nq~0) 
because the probability of no release is P0 = (1 - p)N, 
and the average EPSC'size (h) is given by h = aNp. The 
potency (u) is hi(1 - P0), or 
aN(1 - N~p"00) 
U= 
1 -- P0 
As before, we denote the potency for the first pulse by u 
and for the second pulse u* so that the binomial model 
potency ratio WB = u*/u is given by 
(1 - ~) (1  - Po)  
WB = 
(1 -- ~) (1  -- P0* ) 
(asterisk indicates the second pulse). Figure 2B compares 
the predicted and observed potency ratios for a binomial 
model with N -- 2; the agreement between predicted and 
observed ratios is worse for larger N. Furthermore, in addi- 
tion to the two (or more) synapses with larger and roughly 
equal release probabilities, if other synapses with lower 
release probabilities were also present, then the fit would 
also be worse than that illustrated in Figure 2B. 
Our observations are thus inconsistent with the pres- 
ence either of a large number of (possibly dissimilar) low 
release probability synapses or a small number of very 
similar synapses with a moderate release probability or a 
combination of these two cases. The remaining possibility 
is that synapses have quite unequal release probabilities; 
that is, one synapse dominates, and any other synapses 
present contribute much less to the observed responses. 
Clearly, some version of this alternative can never be ex- 
cluded; one synapse could have a release probability 
close to the observed success probability, and additional 
synapses could be present with release probabilities o 
small that they never happened to release quanta during 
the observation period. Although the presence of multiple 
synapses can never be excluded, we can estimate the 
extent o which the releases by the dominant synapse are 
contaminated by those of minor synapses. We turn now 
to an evaluation of this case. 
Suppose at the outset that just two synapses are pres- 
ent, that the observed failure rate for this synapse pair is 
f, and that the probability that release failed for the first 
of the two synapses is Q and for the second is q; Q is, by 
definition, associated with the synapse that has the lower 
failure rate (Q ~< q). What is required to produce the ob- 
served number of failures is that qQ = f, so that 
Q=f for~<q~<l .  
q 
We can estimate, for the limiting two-synapse case, the 
extent to which the second synapse might contaminate 
the recorded responses as described below. If more than 
two synapses are present, the calculations to follow place 
an upper limit on the amount of contamination; see the 
derivation of the relations used below in Experimental Pro- 
cedures. 
The potency ratio for a two-synapse situation W2 is given 
by the equation 
W2= 1+ p(1 -p - f ) .  
(1 - p)(1 - f)' 
Here, W2 is the potency ratio, f is the failure rate for the 
second pulse of a pair, and p is the hypothetical second 
synapse release probability (for the second pulse) that we 
wish to estimate. The release probability must fulfill the 
requirement 
0~<p~<l -~  
so that when p = 0, the second synapse never releases, 
and when 
p=l -~ 
the second synapse has a release probability identical to 
the first one. Since the potency ratio (W2 = R) and failure 
probabilities (f) are measured for each cell, the release 
probability (p) can be computed for the hypothetical sec- 
ond synapse and can be compared with the release proba- 
bility for the first synapse to provide an estimate for the 
extent of contamination by a second synapse. 
Of the 16 neurons presented in Figure 1B, 5 had potency 
ratios less than 1, presumably as a result of random fluctu- 
ations in the sample of miniature EPSC amplitudes. The 
release probability for the hypothetical second synapse 
cannot be estimated for these neurons. For the remaining 
11 synapses with potency ratios greater than 1 (5 of which 
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Figure 3. TimeCourseof Success Probability Following Synaptic Use 
(A) Success probability for the second stimulus in a pair as a function 
of time since the first stimulus. Probabilities when no EPSC was 
evoked by the first stimulus are plotted as open circles, and those 
when a release occurred in response to the first stimulus are plotted 
as closed squares. The release probability for the first stimulus, indi- 
cated by the horizontal dotted line, was 0.59. The success probability 
for each time point was estimated from 32 stimulus presentations 
or more. 
(B) The conditional probability ofa release site being filled, given that 
it was empty at time zero, as a function of time. Temperature, 24°C. 
are very close to 1; see Figure 1B), the mean success 
probability for the second pulse was 0.91, and the esti- 
mated mean release probability for the hypothetical sec- 
ond synapse was 0.067 (range, 0.025-0.165). This result 
means that on average more than about 90%-95% of 
the recorded responses actually arise from a single major 
synapse; the implications of a possible 5%-10% contami- 
nation of the single synapse responses with release from 
a second synapse depends on the specific conclusions 
that are being drawn. Of course, at least some fraction 
(and quite possibly all; see error bars in Figure 1B) of the 
potency ratios actually exceed unity because of random 
fluctuations in the sample of EPSC amplitudes, rather than 
because of the presence of a second synapse. 
As noted earlier, the preceding estimate of contamina- 
tion of the data with minority synapses is an upper limit; 
if more than two synapses were present, the fraction of 
responses from the additional synapses would be less 
than the estimated fraction. We conclude, then, that we 
effectively are studying a single synapse because even if 
multiple synapses were present, they should contribute 
at worst about 10% to the recorded responses, and most 
cells should have contributions of at most a few Percent. 
So our synaptic currents reflect the properties of a single 
synapse, within limits specified, even if multiple synapses 
were actually present. 
Paired Pulse Facilitation and Depression 
When the EPSCs evoked by the second stimulus in a pair 
are categorized according to whether or not the first stimu- 
lus produced release, we find that marked facilitation is 
present at intervals as short as 5 ms when no release 
occurred for the first stimulus. But a dramatic depression 
is seen if the first stimulus did produce an EPSC (Figure 
3A). Classical studies at the frog neuromuscular junction 
interpreted such depression as a depletion of vesicles in 
the readily releasable pool (Hubbard, 1963; Thies, 1965), 
and we use this interpretation in the following analysis. 
The depression is not related to a change in the size of 
the second EPSC (potency) as a result of a first release 
because, first, the EPSC amplitude distributions for the 
response to the first stimulus and both categories of re- 
sponse to the second stimulus are not significantly differ- 
ent (Figures 4A and 4B; Kolmogorov-Smirnov test, p > 
0.1; n = 11 cells), and second, the mean EPSC size (when 
a release occurs) is independent of the success probability 
and the interpulse interval (Figure 4C). Note that the fact 
that the size of a second EPSC is not different from the 
size of the EPSC that precedes it by 6-8 ms means that 
rapid receptor desensitization (Trussell et al., 1988; Col- 
quhoun et al., 1992) probably does not play an important 
role in synaptic transmission at these brief intervals be- 
tween responses. 
Earlier work has demonstrated that axon conduction fail- 
ures and threshold fluctuations are not responsible for the 
unreliability of synaptic transmission (Allen and Stevens, 
1994). In the present circumstances, however, we have 
to worry about the refractory period of axons: a refractory 
axon would produce apparent synaptic depression for the 
second stimulus in a closely spaced pair; previous workers 
have set the absolute refractory period at about 2 ms (An- 
dersen et al., 1978). Using antidromic activation of CA3 
pyramidal cells, we find (five neurons) that the near- 
threshold stimuli we use show no evidence of refractori- 
ness for time intervals down to 4 ms. The failure of a sec- 
ond stimulus to release transmitter when the first stimulus 
has produced an EPSC is not, therefore, due to a refracto- 
riness of the Schaffer collateral axons at the short time 
intervals. 
The increase in success probability for the second stim- 
ulus in a pair is generally identified as paired pulse facilita- 
tion for the time intervals we have considered here (Mag- 
leby, 1987; Zuker, 1989). We find that after about 20 ms, 
the facilitation produced by a first stimulus is very nearly 
the same magnitude irrespective of whether the first stimu- 
lus was or was not successful in producing transmitter 
release (Figure 5). For 14 cells, the amount of facilitation 
was greater by an average of +9% (range, -8% to +33%) 
when the first stimulus produced an EPSC than when it 
did not. This observation reveals that, insofar as paired 
pulse facilitation depends on calcium influx (Magleby, 
1987; Zuker, 1989), most of the unreliability of synaptic 
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Figure 4. Synaptic Current Sizes Are Independent of Release Proba- 
bility 
Data from the same cell as presented in Figure 3 for (A), (B), and (C). 
(A) Amplitude histogram for peak EPSC evoked by the first stimulus 
(shaded histogram; n = 243) superimposed on the amplitude histo- 
gram for EPSCs produced by the second stimulus whenever no re- 
lease occurred in response to the first stimulus (hatched histogram; 
n = 189). Data from interpulse intervals of 8, 10, 14, and 20 ms were 
pooled. The average success probability for the shaded histogram 
was 0.59 and for the cross hatched histogram was 0.95. The histo- 
grams were not significantly different (Kolmogorov-Smirnov test, 
p > 0.1). 
(13) The same amplitude histogram for the first stimulus EPSC as pre- 
sented in (A) (shaded histogram), with the amplitude histogram for the 
EPSCs evoked by the second stimulus whenever the first stimulus 
was successful in producing an EPSC (hatched histogram; n = 172). 
The average success probability for the hatched histogram is 0.43. 
The two histograms are not significantly different (Kolmogorov- 
Srnirnov test, p > 0.1). 
(C) The ratio (average peak EPSC in response to the second pulse 
divided by average peak EPSC in response to the first pulse), with 
standard errors, plotted as a function of the interpulse interval. Open 
squares represent trials on which the first stimulus produced an EPSC, 
and closed circles for trials on which the first stimulus failed to evoke 
an EPSC. The success probabilities for these points can be read from 
Figure 3A. 
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Figure 5. Paired Pulse Facilitation with and without Release by the 
First Stimulus of a Pair 
Paired pulse facilitation, measured as success probability, as a func- 
tion of interstimulus interval for responses to the second stimulus that 
are (open squares) and are not (closed squares) preceded by an EPSC 
evoked by the first stimulus. Typical data for a putative single synapse. 
The horizontal dotted line indicates the success probability for the first 
stimulus. The shortest interval is 20 ms, by which time the release 
site has been refilled. Temperature, 31°C. 
transmission results not from stimulus-to-stimulus fluctua- 
tions in total calcium entry into the axon terminal (because 
of variations in channel open times, for example), but 
rather depends on some aspect of the release process. 
Refilling Time Course for the Release Site 
If the facilitation process is the same whether or not the 
first pulse produced transmitter elease, we can calculate 
(for a refilling model of the paired pulse depression) r(t), 
the conditional probability that the release site has refilled 
as a function of time t since the prior release, from the 
ratio 
r(t) = p,(t___)) 
po(t) 
where pl(t) is the probability of release on the second stim- 
ulus when the first stimulus produced a release, and po(t) 
is the probability when the first stimulus was unsuccessful 
in giving an EPSC (see Figure 3B). Note that there seems 
to be a dead time of 5.3 _ 0.49 ms after the first release 
and then an approximately exponential recovery (refilling) 
with a time constant of 4.0 --+ 0.51 ms (temperature, 24°C; 
n -- 4 cells). At 31°C, the dead time is 3.8 = 0.51 ms, 
and the recovery time constant is 2.5 _ 0.27 ms (n = 10 
cells). 
Discussion 
The conclusion from our analysis of the minimal stimula- 
tion data is that most of the EPSCs we recorded represent 
releases from a single, dominant synapse. We can never 
know how many synapses were actually made by the ax- 
ons we stimulated with our minimal stimulus, but we can 
place limits on the contamination of the responses by other 
than the dominant synapse. The calculations we carried 
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out explicitly assumed that each synapse possesses only 
a single release site so that only zero or one quantum can 
be released. If the glutamate receptors of the postsynaptic 
membrane of a single synapse are saturated by a single 
quantum (Edwards et al., 1990), then the number of re- 
lease sites at that synapse cannot be determined from the 
sort of data we have available, because multiple releases 
would give the same response as a single quantum. Our 
analysis for contributions of multiple synapses remains 
unchanged, however, whether or not the post synaptic 
membrne is saturated by a single quantum. In other words, 
the conclusion that we are effectively studying a single 
synapse is independent of the saturation issue. If, on the 
other hand, the postsynaptic membrane receptors are not 
saturated, then our analysis would apply equally to syn- 
apses and release sites. That is, our conclusion that most 
responses represent he activity of only a single dominant 
synapse would also mean that the axons we stimulate 
used only a single release site all or most of the time. More 
precisely, we could say that if the postsynaptic receptors 
are not saturated and if a synapse has multiple, equivalent 
release sites, then these release sites must interact in 
some way so that more than about 90%-95% of the time, 
only a single site is active. 
The observations on paired pulse depression strengthen 
our conclusion that we were, for most purposes, studying 
only a single synapse; if multiple, independent synapses 
or release sites were present or if we were stimulating 
more than a single relevant axon, the depression of trans- 
mission found for short interpulse intervals should not 
have been so profound. Although we conclude that a re- 
lease site can be refilled in about 10 ms, we note that we 
stimulated at a low rate (usually once per 8 s) so that 
the synapse had ample opportunity to recover between 
stimulation pairs. Other data suggest that a synapse has 
a pool of several dozen quanta that are ready to release 
(Stevens and Tsujimoto, 1995) and, had we depleted this 
pool, the refilling time might have been longer. This ques- 
tion can only be answered by experiments designed to 
measure the release site refilling time when the reserve 
pool of quanta is somewhat depleted. 
The unreliability of synaptic transmission has been at- 
tributed to the probabilistic nature of transmitter elease 
(Raastad et al., 1992; Rosenmund et al., 1993; Hessler 
et al., 1993), and evidence has been presented that axon 
threshold fluctuations and conduction failures do not con- 
tribute significantly to the unreliability (Allen and Stevens, 
1994). The present observations confirm this conclusion. 
We find that the failure of release in response to the first 
pulse of a pair gives--after, say 20 ms--the same amount 
of paired pulse facilitation as is observed when the first 
stimulus evoked transmitter elease (see Figure 5). If the 
unreliability of synaptic transmission for the first pulse of 
a pair were the result of conduction failures, we should 
not have seen as much paired pulse facilitation following 
release failures as we do. 
Although we have, as is traditional, interpreted the de- 
pression of synaptic transmission following a release as 
depletion (Hubbard, 1963; Thies, 1965), we stress that 
other explanations of the depression are possible. Certain 
uninteresting mechanistic possibilities for the paired pulse 
depression are, however, unlikely. First, the experiments 
that examined antidromic action potentials produced by 
stimulus pairs gave no evidence that failures were the 
result of the axon refractory period. Second, apparent fail- 
ures in transmitter elease are unlikely to result from de- 
sensitization of postsynaptic receptors because the ampli- 
tude distribution for those EPSCs that did occur were the 
same as those for the response to the first pulse. Third, 
inactivation of calcium channels produced by the first stim- 
ulus of the pair seems an unlikely possibility; the influx 
of total calcium, and therefore the magnitude of calcium 
channel activation, appears to be the same whether or 
not the first stimulus resulted in a release (paired pulse 
facilitation was not dependent on release). Possible expla- 
nations for the paired pulse depression that we cannot 
exclude are the accumulation of some unknown inhibitory 
factor or the depletion of some required species (ATP, for 
example) associated with release. 
Synaptic transmission at central single boutons has 
been reported to be very unreliable (Raastad et al., 1992; 
Rosenmund et al., 1993; Hessler et al., 1993; Allen and 
Stevens, 1994; Stevens and Wang, 1994), but these ex- 
periments were carried out with a spacing of many sec- 
onds between stimuli. Here, we confirm that the first stimu- 
lus in a pair results in unreliable release but find that the 
reliability for a second stimulus is very greatly increased 
for several hundred milliseconds. Thus, the temporal pat- 
tern of action potentials arriving at a synapse could have 
a profound effect on the efficiency with which information 
is transferred from one neuron to the next. This effect 
appears not to depend on the initial reliability of synaptic 
transmission, so the pattern of impulses presumably over- 
rides other presynaptic mechanisms for modulating syn- 
aptic strength. The computational significance of this ef- 
fect requires elucidation. 
Exper imenta l  P rocedures  
The methods used have been described by Stevens and Wang (1994). 
In brief, we used whole-cell recording from 2-4 week old rat CA1 
pyramidal cells in 400 I~m thick transverse hippocampal slices. About 
one neuron in five met our criteria for minimal stimulation; inthe other 
cases, more than one synapse appeared to be present. Experiments 
were carried out at room temperature (-24°C) or at 30°C-32°C as 
indicated in the text. The stimulus pairs were presented with an 8 s 
interstimulus interval. Experiments o determine the refractory period 
were carried out by adjusting the stimulus intensity to slightly below 
that used in the main experiments so that the first stimulus of the pair 
occasionally failed to produce an action potential (see Figure 3 in Allen 
and Stevens, 1994), and antidromic action potentials were recorded 
in CA3 neurons with standard whole-cell recording. 
The equation used to estimate contamination f responses by re- 
lease from a second synapse is derived below. Note that we assume 
for simplicity that a single synapse releases either zero or one quanta; 
we return to the implications ofthis assumption i  the Discussion. Let 
f be the observed failure rate, u the potency (average size of an EPSC 
when release occurs), h the average EPSC size, including release 
failures in the average, and a the average mEPS C size. We suppose 
that two synapses are activated by our stimulus, each with only one 
release site and both with an average mEPSC amplitude a. If one 
synapse has a larger release probability than the other, we term this 
synapse the major synapse and the other the minor synapse; if both 
have the same release probability, the major/minor designation isarbi- 
trary. Let q be the failure probability for the minor synapsel p = 1 - 
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q the release probability for the minor synapse, and Q be the failure 
probability for the major synapse. Because only two synapses are 
assumed to be present, qQ = f, so that the major synapse failure 
probability can be expressed in terms of the minor synapse failure 
probability and the observed failure probability for the pair 
f ~ 
Q = :,with ~/f~< q~< 1. 
q 
Let Pj be the probability that j synapses release; j = 0, 1, or 2. These 
probabilities are given by 
Po= f, 
and 
P~ = 1 -Po -P2 .  
The potency and average EPSC size are related by 
h 
U = - -  
1- f  
and the mean (h) is, for this two-synapse case, given by 
h = aP, + 2aP2 = a(1 - P0 + P2) = a(1 - f)(1 + ,P--~%,~. 
\ 
Thus the potency is specified by the equation 
(i - ~(~ --X/ 
If the potency for the first pulse, which has a low release probability 
and thus is unlikely to have multiple releases, is taken to be an estimate 
for a, then the potency ratio is 
w~ = (1-+ 
J _p(_l- p -  f) ~ 
(1 - 0(1 - p)/'  \ 
where p is the minor synapse release probability after paired pulse 
facilitation, and f is the total failure probability for the response to the 
second pulse. 
The standard errors o for the potency ratios in Figure 1B were com- 
puted from the formula 
s~ m2 s~ 
°=5~E,  
where mj is the average EPSC amplitude for the first (j = 1) and second 
(j = 2) stimuli of a pair, and sj are the corresponding standard errors 
of the mean. 
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